In the present report, Al-SBA mesoporous materials were investigated for use as water adsorbents. Different precursors for aluminum were investigated: aluminum sulfate and nitrate, boehmite, and aluminum tri-sec-butoxide. Furthermore, three different procedures for addition of the silica and alumina sources were tested. Samples were characterized by nitrogen adsorption to observe their textural characteristics and by thermogravimetric desorption of water to address their performance. The sample synthesized with aluminum tri-sec-butoxide as aluminum precursor and a pre-hydrolysis step of the silica source presented the highest adsorption capacity: 1057 g.kg -1 . It was also observed that water attaches more strongly to Al-containing samples than to pure silica, and that water adsorption capacity is more related to the pore volume of samples than to their surface area. This work has shown that functionalizing SBA-15 materials with aluminum is a promising strategy for producing water adsorbents with improved performance and potential for many applications.
Introduction
The adsorption of water vapor has many different applications, such as gas dehydration, adsorptive cooling systems 1 and delivery of drinking water to remote areas 2 . Several new materials are being studied for water adsorption: clays and pillared clays, aluminophosphates, titanium and zirconium silicates 3, 4 , mesoporous silica 5, 6 , metal-organic frameworks 7 , and composite desiccants composed by hygroscopic salts in inorganic host matrices 8 . In this context, sol-gel SBA-15 mesoporous silica stand out as interesting options for capture of water due to features such as high surface area, controllable morphology and pore size, high concentration of hydroxyl groups on the surface, and possibility of functionalization and insertion of heteroatoms. The insertion of alumina into the mesoporous silica framework, for instance, has been considered beneficial to water adsorption because it may alter the acidity/basicity of the surface, increasing its hydrophilicity 9 . Moreover, the addition of alumina has been said to strengthen the structure of mesopores against corrosion in the presence of water [10] [11] [12] [13] . The sol-gel method for synthesizing Al-added SBA-15 silica samples is somewhat flexible and a great number of variables influence the final characteristics of the materials obtained. For instance, it is possible to use many different chemicals as aluminum source for functionalization. Inorganic precursors may be aluminum chloride 14 , nitrate 15 , and sulfate 16 , as well as sodium aluminate 17 . Among the alkoxides which can be employed as organic precursors, the most reported have been aluminum isopropoxide [18] [19] [20] , and tri-sec-butoxide (Al-TSB) [21] [22] [23] , but tri-tert-butoxide 24 and tri-n-butoxide are also found. Changing the aluminum source greatly impacts the structure of the so-obtained mesoporous silica-alumina. This was demonstrated by the work of Li et al. 25 , in which they investigated the effect of various aluminum sources on the morphology and microstructure of Al-SBA-15. They compared four organic and one inorganic precursor of aluminum and observed that features such as surface area, pore volume, pore diameter, aluminum incorporation and even morphology of the particles varied depending on the source used. Their conclusion was that using an organic, liquid aluminum source such as Al-TSB was preferable in their synthetic approach for being able to mix more efficiently with tetraethylorthosilicate (TEOS), which is also a liquid, organic precursor for silica. This was further confirmed by Chorfa et al. 23 , who also explored distinct sources for aluminum: aluminum tri-sec-butoxide, isopropoxide and hydroxide. They also concluded that Al-TSB was the most suitable organic source for co-condensation with TEOS.
Another important aspect in the sol-gel synthesis of Al-SBA-15 type of materials is the order of addition of the silicon and aluminum sources. For instance, the aluminum source can be added before (especially in the case of salt precursors), or after 19 24, 26 into the reaction mixture. To the best of our knowledge, in spite of the potential differences that may arise from varying the order of addition of Si and Al sources in Al-SBA-15 synthesis, there is very little amount of work dedicated to investigate the impact of such variations on the porous structure of the materials produced.
Therefore, one of the objectives of this work is to compare distinct orders of addition of TEOS and Al-TSB as silicon and aluminum precursors, respectively. The second objective of the present paper is to increase the existing knowledge about the use of different sources of aluminum. For this, aluminum sulfate, aluminum nitrate, and boehmite were tested in comparison with Al-TSB. Besides carefully evaluating their textural characteristics using nitrogen adsorption, these samples were also assessed as water adsorbents by thermogravimetric desorption of water, which is also an underexplored application in the literature.
Experimental

Materials
The following chemicals were used without further purification: tetraethylorthosilicate (TEOS, 98 % purity, Aldrich); Pluronic P123 (Aldrich); hydrochloric acid (HCl, 37 %, Aldrich); aluminum sulfate (Al 2 (SO 4 ) 3 , 99 % purity, Aldrich), aluminum nitrate (Al(NO 3 ) 3 .6H 2 O), 98 % purity, Aldrich); aluminum-tri-sec-butoxide (Al-TSB, 97 % purity, Aldrich); and nitric acid (HNO 3 , 65 % purity, Aldrich).
Synthesis of pure silica SBA-15 (Si-SBA)
For producing pure silica SBA-15, the surfactant Pluronic P123 was dissolved into a solution of water and hydrochloric acid with the molar ratio 1 HCl: 30 H 2 O: 0.003 P123 (acid solution of P123). After the complete dissolution of P123, TEOS was added to the mixture. The final molar ratio was 1 TEOS: 6 HCl: 177 H 2 O: 0.017 P123. The hydrolysis and condensation reactions took place in two steps: 24 h stirring at 40 ºC and 24 h at 100 ºC in Teflon lined autoclaves. After that, the sample formed was filtered, washed with distilled water and dried at 60 ºC. In order to remove the surfactant, the material was heated to 550 ºC at 1 ºC/min, kept at this temperature for 6 h and cooled to room temperature at 10 ºC/min.
Synthesis of Al-SBA-15
The procedure for synthesizing Al-functionalized samples is identical to that of pure silica SBA-15 described above. The differences are described as follows and summarized in Table 1 . The molar ratio aluminum/silicon was kept at 3 mol% for all samples, which was determined by preliminary experiments conducted in our laboratory.
• Samples with salt precursors (Al-SBA-sulfate and Al-SBA-nitrate): the corresponding salt was dissolved in the acid solution of P123. Then, TEOS was added and the reaction followed as that of Si-SBA.
• Sample with boehmite as precursor (Al-SBAboehmite): TEOS was firstly added to the acid solution of P123 and allowed to react for 1 h (prehydrolysis step). Then a sol-gel boehmite powder was added to the reaction mixture, which followed the same steps described previously. This sol-gel boehmite was synthesized as follows. Al-TSB and water were mixed at room temperature for 1 h and then heated up to 85 ºC under stirring for another 4 h. Next, HNO 3 was added to the reaction mixture, which was allowed to react for another 24 h at 85 ºC. Then the solution was dried in a stove at 100 ºC and the powder recovered was used as described above.
• Sample with Al-TSB as precursor -route 1 (Al-SBA-TSB1): the corresponding amounts of Al-TSB and TEOS were mixed in a beaker in anhydrous conditions and added to the acid solution of P123.
• Sample with Al-TSB as precursor -route 2 (Al-SBA-TSB2): The acid solution of P123 was divided in two parts. Al-TSB was added to one half and TEOS to the other. Both solutions were stirred for 1 h at 40 ºC (separate pre-hydrolysis). Then, the two solutions were poured into one single flask and the reaction continued as described for pure SBA-15.
• Sample with Al-TSB as precursor -route 3 (Al-SBA-TSB3): TEOS was added to the acid solution of P123 and stirred for 1 h at 40 ºC (pre-hydrolysis). Then, Al-TSB was added to the reaction mixture, which followed as previously described.
Characterization and performance evaluation
Nitrogen adsorption tests were carried out in a Micromeritics ASAP 2020 apparatus, using samples previously degassed at 130 ºC for up to 48 h under vacuum. The specific surface Al-SBA-TSB3 Al-TSB Pre-hydrolysis of TEOS followed by Al-TSB addition area and pore size distribution were assessed by the BET and NLDFT methods, respectively. The water adsorption capacity evaluation consisted of two parts: an adsorption step inside a humidifier and a desorption step in a thermobalance. For the adsorption step, samples were kept at about 25 ºC in a sealed humidifier for at least one week. The relative humidity was kept at about 100 %. For the desorption step, samples were heated from 30 ºC to 500 ºC at 10 ºC.min -1 in a Perkin-Elmer STA-6000 thermobalance under nitrogen flow (20 mL.min -1 ). The mass lost during the desorption step was associated with the water adsorbed by the sample in the first step. The adsorption capacity was calculated with Equation 1. The error observed for this method was of 5 %, according to duplicate measurements performed with selected samples.
Equation 1
Results and Discussion
Nitrogen adsorption results
Nitrogen adsorption isotherms of the samples produced with inorganic precursors for aluminum are given in Figure 1 , together with the pure silica reference. It is possible to observe that the aluminum-added samples displayed an average 23 % smaller surface area when compared to Si-SBA. Among them, the sample synthesized with nitrate preserved the largest surface area (649 m 2 . g -1 ). All curves are of type IV(a) of IUPACs classification 27 , which is characteristic of mesoporous materials, as expected for SBA-15 type of materials. Sample Si-SBA exhibited a H1 hysteresis loop, which indicates a narrow pore size distribution of uniform pores. The Al-SBA samples showed a hysteresis loop intermediate between types H1 and H2(b), indicating more complex pore structures, possibly with pore blocking and neck formation.
The pore size distribution of this group of samples is displayed in Figure 2 . The curves given in this Figure showed that the Al-added samples exhibited mesopores of larger sizes when compared to the sample of pure silica. Moreover, it is possible to observe the presence of micropores in all samples (highlighted region) corresponding to the corona present in the mesopore walls, which is characteristic of SBA-15 materials 28 . The sample produced with nanoparticles of solgel boehmite showed the narrowest pore size distribution in the mesopore range, very similar to that of the pure silica. This indicated the formation of a uniform porous structure in Al-SBA-boehmite. Samples produced with nitrate and sulfate showed a partial collapse of the mesophase.
The nitrogen adsorption isotherms of the samples produced with Al-TSB are given in Figure 3 with that of pure silica for comparison. Similarly as those produced with inorganic precursors, samples with Al addition displayed slightly smaller surface areas -an average of 12 %, which is a smaller average loss than that calculated for the first group of samples. Al-SBA-TSB1 displayed the largest surface area in this group, presenting a value only 3 % smaller that Si-SBA.
The shapes of the isotherms varied interestingly. They maintained the type IV(a) of the classification of IUPAC, indicating the formation of mesoporous materials for all samples, but the hysteresis loops displayed some differences. Sample Al-SBA-TSB1 exhibited a wide hysteresis loop indicating the presence of large pore sizes, which can be confirmed by the pore size distribution given in Figure 4 . Al-SBA-TSB2 and -TSB3 exhibited intermediates between types H1 and H2(b), which indicated the presence of some irregularity in the pore size distribution and/or the formation of necks in the originally cylindrical pores. Figure 4 shows the pore size distribution of the samples synthesized with Al-TSB. Sample Al-SBA-TSB1 exhibited pores in the microporous region and also above the detection limit of the equipment, which is 38.7 nm. Due to the shape of the isotherm, it is possible to conclude that this sample presents porosity in the mesopore range. Since this range extends further than the limit of the equipment (up to 50 nm), there is a significant probability that this sample presents its major porosity between 38.7 and 50 nm. Sample Al-SBA-TSB2 exhibited pore sizes in the same range of sizes as the pure silica reference, however in a wider distribution for the mesopore region. Al-SBA-TSB3 presented the narrowest pore size distribution, surpassing even Si-SBA, which indicated the formation of a highly uniform porous structure.
With these two groups of samples analyzed, it was possible to evaluate the influence of two factors in the construction of the porous structure of Al-SBA-15: the type of aluminum precursor and the relative order of addition of the Si and Al sources. The previously shown results showed that the samples which presented the narrowest pore size distribution in the mesopore range were Al-SBA-TSB3 and Al-SBAboehmite, similarly to pure silica SBA-15. This indicated that the mesopores were better formed in these samples when compared to the others synthesized in this work. However, it is important to highlight that all samples produced exhibited high values of surface area, which enables them to present significant performances as adsorbents.
It is believed that there are two main factors that can contribute to the distortion of the mesostructure caused by the addition of aluminum into SBA-15. The first of them is related to cooperative self-assembly (CSA) mechanism of formation of SBA-15. In the CSA, the interaction between the surfactant and the ionic species in solution occurs through a S 0 H + X − I + mechanism, with S 0 H + being the surfactant hydrogen bonded to a hydronium ion (which occurs due to the acid pH of the solution), X − is the chloride ion and I + is the protonated silica 29 . With the introduction of nitrate and sulfate anions in solution, as occurred for samples Al-SBA-sulfate and Al-SBA-nitrate for instance, there might be a substitution of the X − positions by these anions intermediating the interaction between the silica species and the surfactant. Since these anions have different sizes and even distinct charges (such as sulfate) than that of the chloride anion, this substitution may impair the geometrical arrangement of the micelles and induce the distortion of the so-formed mesopores. This could cause the results observed for Al-SBA-nitrate and Al-SBA-sulfate. It would be, therefore, preferable to avoid aluminum precursors with such foreign anions in order to diminish this type of disturbance in the structure.
At the same time, a similar phenomenon may occur when Al 3+ replaces Si 4+ in the I + position. In this case, such substitution is even desirable, because it would enable an isomorphic substitution of silica by aluminum in the framework. However, due to differences in ionic charges, sizes and even coordination capabilities, this replacement by itself may also impair the geometrical arrangement of the micelles. This might have occurred in samples Al-SBA-sulfate, Al-SBAnitrate and Al-SBA-TSB1. Therefore, separating aluminum and silicon ions in the initial stages of micelle organization or removing the aluminum precursors from this step were the strategies adopted for samples Al-SBA-TSB2 (separating sources), Al-SBA-TSB3 and Al-SBA-boehmite (removing Al sources). The results presented herein showed that, nonetheless, only the second strategy was well-succeeded.
The second factor to be considered in this discussion is the faster kinetics of hydrolysis and condensation reactions of Al-TSB when compared to TEOS 30 . If both precursors are added at the same time to the acid solution of the surfactant, Al-TSB reacts instantly upon contact with water, much before silica. This impairs the interaction between the two sources and the homogeneous dispersion of the aluminum into the silica matrix. It also does not allow enough time for the interaction with the surfactant to occur properly 31 . This might have been significant for samples Al-SBA-TSB1 and Al-SBA-TSB2. Therefore, it is also important to use strategies of synthesis which approximate the reaction conditions of the two metal precursors, as used in Al-SBA-TSB3 26 .
The approach of allowing TEOS to react for 1 h before introducing an Al source (samples Al-SBA-TSB3 and Al- SBA-boehmite) enabled it to be at a more advanced state of reaction before contacting the aluminum precursors, compensating the disparity in their velocities of reaction. At the same time, the pre-hydrolysis step allowed the initial organization of the micelles to develop only in the presence of silica precursors. As commented before, this is also believed to be positive for mesopore formation. Therefore, the preferential order of addition of precursors as revealed by our results is the silicon source before the aluminum source, with an interval of pre-hydrolysis of 1h.
Water desorption results
The performance for water adsorption was also evaluated for samples presented in the previous section. The analysis consisted of hydrating the samples until saturation in a sealed container and then monitor the mass loss with rising of temperature, as shown in Figure 5 . The curves in this figure reveal only one region of mass loss, which is associated to the removal of adsorbed water. When heating silica samples at temperatures above 200 ºC, there is also the loss of hydroxyl terminations on the surface 32 , as can be noticed by the gentle inclination on the curves of Figure 5 . However, when compared to the mass loss observed below 100 ºC, this mass loss becomes insignificant. This way, it was possible to calculate the adsorption capacities of the samples under study, given in Table 2 .
Data in this table showed that, in general, samples with alumina addition presented adsorption capacities larger than pure silica, except for Al-SBA-TSB2. This indicates that the insertion of alumina was positive for their overall performance as water adsorbents. In Table 2 , it is also possible to observe that the samples which exhibited the highest adsorption capacities were Al-SBA-TSB3 (1057 g/kg) and Al-SBAboehmite (977 g/kg) -those synthesized with a pre-hydrolysis step of TEOS and which presented the narrowest pore size distribution, as discussed previously. Moreover, the sample with Al-TSB as precursor surpassed the performance of its analogue with boehmite, confirming the tendency found in the literature to consider Al-TSB a more suitable source for this functionalization 23, 25 . The adsorption capacities obtained for these materials can be considered very promising when compared to commercial silica gels, which present a capacity around 400 g.kg -1 33,34 . They also exhibited superior adsorption capacities than many other water adsorbents found in literature, such as the composite adsorbents developed by Zhu et al. 35 (730 g.kg ), Ristic et al. 37 (630 g.kg -1 ) and Solomon et al. 38 (223 g.kg -1 ). They presented a performance competitive to that of the aerogels synthesized by Knez et al. 39 (1000 g.kg -1 ) and Mrowiec-Białon et al. 40 (1200 g.kg -1 ). Al-SBA type of material presents the advantage of a simpler and less expensive synthetic process when compared to the production of aerogels.
Another parameter presented in Table 2 is the maximum desorption rate temperature (MDRT). This parameter is obtained from the negative of first derivative of the thermogram (-DTG) and corresponds to the temperature at which this derivative reaches its maximum, i.e. when the desorption process reaches its maximum rate. This temperature is related to the strength of the interaction between water molecules and the substrate and the higher it is, the stronger water is attached to the surface.
In an overall manner, Al-containing samples showed MDRTs up to 20 ºC larger than pure silica (except for Al-SBA-nitrate). This indicated that water is more strongly bonded to these materials with Al and Si than to that with Si only. This enhancement in water bonding strength by addition of aluminum into silica was also observed by other researchers 41, 42 . In order to investigate which textural parameters were most relevant for water adsorption capacity of the group of samples studied, many parameters such as surface area, pore size and volume of micro and/or mesopores were correlated to the water adsorption capacities obtained. Figure 6 presents the correlations for total surface area and pore volume as examples. The values used for the plots are given in Table 2 .
One can observe in Figure 6 that water adsorption capacity seems to be more related to the samples pore volume than to their specific surface area in the tested conditions (saturated air at atmospheric pressure and 25 ºC). This result is interesting because the surface area is more often correlated to the adsorption capacity. This occurs because, for many adsorbates, molecule-molecule interactions are much weaker than molecule-surface interactions. This leads to the formation of a monolayer of molecules on the surface of the solid, followed then by the formation of subsequent layers, as it is found for nitrogen adsorption. This is not the case for water, for which molecule-molecule interactions are energetically competitive with surface-molecule bonding. This way, the mechanism of water adsorption as proposed by Maheshwari et al. 43 occurs by the formation of isles or clusters on the inner walls of the pores. These isles are mainly concentrated around silanol groups. The number and size of these clusters are initially small, and the large fraction of pore volume is free of water. With the increase in pressure in the system, more and more isles occupy free spaces in the pores. When pressure becomes sufficiently high, these isles become large enough to close the pore clearance 44 , giving rise to the phenomenon of capillary condensation in the mesopores. If the pressure of water available in the system continues to rise (as it is the case of the conditions used in this study), water can fill up the entire pore volume available on the samples. This way, the relationship between pore volume and water adsorption capacity is coherent with the nature of these materials and is corroborated by other researchers 45 . This can be further discussed using the values of pore filling degree, given in Table 2 . The pore filling degree is the fraction of the total pore volume of the sample which is occupied by water at 25 ºC, and its calculation is described in detail in the work of Schreiber et al. 46 . Values in Table 2 showed that at least 85 % of the pore volume of the samples was filled with water in the conditions analyzed, confirming the previous discussion. Moreover, most samples with Al addition exhibited a larger pore filling degree than pure silica (average of 93 % against 85 % of Si-SBA). This also suggests that the presence of Al enhanced the attractiveness of the materials towards water molecules, enabling to withhold more water when exposed to the same adsorption conditions. This seems to have been particularly true for sample Al-SBA-TSB3, which exhibited 104 % of pore filling degree. This means that not only the entire pore volume was filled, but an external layer of water was also formed during adsorption.
In summary, results have shown that the optimization of the porous structure of Al-SBA materials is of paramount importance for their water adsorption behavior. For instance, large pore volume and uniformity of pore diameters have been associated to the highest adsorption capacities under the conditions evaluated. This further justifies the exploration of sol-gel synthesis parameters such as those studied herein.
Conclusions
This work has developed Al-SBA mesoporous materials for use as water adsorbents. Among the different precursors tested, it was observed that those with anions such as nitrate and sulfate could bring additional damage to the organization of the porous structure of the resulting materials. Moreover, distinct orders of addition of the Si and Al precursors in the sol-gel synthesis were tested. The nitrogen adsorption results showed that the preferential order of addition of the metal sources in the synthetic strategy used is introducing Si first and then Al, with a pre-hydrolysis pause in between.
The tests of water desorption showed that samples which exhibited the most uniform porous structure presented the highest water adsorption capacities, which demonstrated the importance of this study in light of the optimization of the performance of such materials. The sample synthesized with Al-TSB and the pre-hydrolysis step presented the highest adsorption capacity among the adsorbents developed: 1057 g.kg -1 . It was also confirmed that water attaches more strongly to Al-containing samples than to pure silica, and that water adsorption capacity seems to be more related to the pore volume of samples than to their surface area. This work has shown that functionalizing SBA-15 materials with aluminum is a promising strategy for producing water adsorbents with improved performance and potential for many applications.
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